Sewer flooding, urban surface water flooding and wet weather pollution are recognised as significant problems in the UK and elsewhere in the world, and changes in extreme rainfall arising as a consequence of climate change are likely to exacerbate these problems. This paper reports on new approaches to estimate potential future rainfall intensity changes over the UK at temporal and spatial scales that impact on urban drainage systems. The research (part of UK Water Industry Research's programme of climate change related projects) has produced estimates of rainfall intensity change over different parts of the UK using a climate analogue approach and a very high-resolution (1·5 km) climate model developed by the UK Met Office. The new estimates produced are, in general, higher than existing UK climate change allowances for rainfall intensity. Sewer flooding volumes, flooding frequency and frequency of pollution events are also investigated for one location; indicating that these incidents and flood volumes are also likely to increase in the future.
Introduction
Sewer flooding, urban surface water flooding and wet weather pollution are already recognised as significant issues in the UK and elsewhere in the world, and climate change impacts on rainfall will likely exacerbate these problems (Arnbjerg-Nielsen et al., 2013; Ashley et al., 2005 Ashley et al., , 2007 Berggren, 2014; Mott Macdonald, 2011) . UK Water Industry Research (UKWIR) has been commissioning research on this topic since 2001 and projects have made use of available climate projections from regional climate models (UKWIR, 2003 (UKWIR, , 2011 . For the UK, probabilistic projections of climate change in the UK climate projections of 2009 (UKCP09; Murphy et al., 2009) give some indication of the expected changes in future UK precipitation, including a likely increase in precipitation extremes in winter but greater uncertainty as to the nature of changes in summer extremes. Building on this work, the Met Office (2010) produced a report for Ofwat, the UK water services regulation authority, which estimated future daily rainfall return periods for England and Wales. This study concluded that while winter rainfall events are projected to become more frequent, there was found to be 'no clear signal for the change in frequency of summer rainfall events'. Using UKCP09 data, Mott Macdonald (2011) , in a report for Ofwat, found that the median increase in 1 in 10 year flooding volume across 97 sewer catchments was 27% compared with current flooding (50th percentile of the probability distribution, medium emissions). Yet, the report acknowledged that this finding excluded the impact of 'summer convective storms'. Hence the estimate of 27% flooding volume increase could significantly underestimate the true impact.
It has long been known that climate models are relatively poor at simulating precipitation extremes (Flato et al., 2013) , and regional climate models have been noted to have limited skill in the simulation of UK summer rainfall extremes on both daily and sub-daily timescales (Chan et al., 2014a; Fowler and Ekström, 2009) . This is primarily associated with inadequate representation of important processes, such as convection, due to their relatively coarse resolution.
The majority of high-intensity, convective rainfall events occur in the months of May to September in the UK (Blenkinsop et al., 2015; Hand, 2002) . Davies (2010) showed that, in the UK, there were 25 occasions when more than 20 mm of rainfall fell in 1 h during May to August at two or more Met Office rain gauges during the years 2000 to 2007, and only one occasion when this occurred outside these months. In summer 2007, 55 000 properties were flooded as a result of intense summer rainfall, and the UK saw the largest loss of essential services since World War II, with almost half a million people without mains water or electricity (Cabinet Office, 2008) . In summer 2012, 50 mm of rainfall in 2 h over Newcastle resulted in 300 properties being flooded (Smith et al., 2015) . This tendency for high-intensity rainfall to occur in summer is also recognised in northwest Europe by Hanel and Buishand (2010) , who found that most heavy precipitation occurs in summer in the Dutch portion of the Rhine basin.
The importance of intense convective rainfall in flood and pollution response, coupled with current uncertainties in model projections of these events, were key reasons for UKWIR to commission a project in 2014 to estimate potential future rainfall intensity changes over the UK at temporal and spatial scales that impact on urban drainage systems. This project (UKWIR, 2015) has produced estimates of rainfall intensity change at hourly timescales over different parts of the UK using two approaches that are specifically designed to capture changes in convective rainfall intensities ■ method 1: using rainfall data from other locations that currently experience a similar climate to that projected in the future for the location in question -a climate analogue approach ■ method 2: using outputs from a state-of-the-art, very highresolution climate model at resolutions designed to represent convective rainfall explicitly -a dynamic climate modelling approach.
Further information about these two approaches and findings of the research are provided below. Information from the rainfall intensity change estimates has also been used to examine the potential impacts on the urban drainage environment.
2. Method -deriving future rainfall estimates 2.1 Climate analogue approach It has been hypothesised (Trenberth et al., 2003) that global temperature changes (due to climate change and variability) would lead to changes in precipitation intensities. The theoretical basis behind this proposition is that if relative humidity during wet days is not sensitive to temperature changes, atmospheric humidity will increase at a rate that follows the saturation vapour pressure dependency on temperature according to the physical relationship given by the Clausius-Clapeyron relation (this represents a scaling of extreme rainfall of approximately 7% per degree K). Several studies have since demonstrated this scaling between extreme precipitation intensities and temperature on daily and sub-daily timescales (e.g. Hardwick Jones et al., 2010; Lenderink and van Meijgaard, 2008; Utsumi et al., 2011) , and recent evidence has indicated a Clausius-Clapeyron relationship for UK summer sub-daily intense precipitation (Blenkinsop et al., 2015) .
However, consistent evidence from empirical studies suggests greater complexity in the observed relationship between temperature and precipitation, with higher scaling for the most extreme precipitation events and negative scaling at higher temperatures (>~21°C, depending on region). For the UK, Blenkinsop et al. (2015) have also shown a dependency of the scaling on the large-scale circulation type.
Nonetheless, the underlying principle of the Clausius-Clapeyron relationship and associated empirical evidence demonstrates that temperature change is a significant driver of changes in rainfall intensity. The present authors have therefore used this evidence as a basis to derive estimates of precipitation intensity change using an analogue rain gauge approach (method 1 in Section 1). Changes in intense rainfall have been estimated for four UK locations: London, Newcastle, Glasgow and Cardiff. These locations were selected as they are regionally disparate, experience different climatic characteristics, and there are urban drainage models that can be used for modelling impacts of the changes in rainfall intensity at each location. 'Reference' rain gauges providing hourly precipitation data, and considered representative of each location, were identified for the 'historic' period of 1981-2010 (data from Blenkinsop et al. (2015) ). UKCP09 climate change projections (Murphy et al., 2009) were then used to identify the projected changes in mean summer temperature (JJA -June, July, August) for the four representative cities for the 2030s, 2050s and 2080s, based on the Special Report on Emission Scenarios high emissions scenario (A1F1; IPCC, 2000) . The relevant UKCP09 regional climate model (RCM) grid cells (25 km grid) were identified for each city and the corresponding summer temperature projections obtained using the 50th percentile from the probabilistic projections.
These projections were then used to identify contemporary climatological analogues with similar mean summer temperatures for which hourly precipitation records are available. Analogue selection was restricted either to other UK gauges or international locations with broadly similar large-scale climatological regimes, that is, west coast maritime climates at low elevation. This is illustrated graphically in Figure 1 .
In this figure, the bold horizontal lines are included to identify the historical temperatures and projections for individual cities across the three time periods (2030s, 2050s and 2080s). The numbered (upper) lines indicate the range of current mean daily summer temperature for which analogues have been obtained. The hourly rainfall data from these analogue gauges were then used to estimate return period rainfall (depth-duration-frequency (DDF)) values, using peaks-over-threshold extreme value theory (Coles, 2001) . The method of L-moments was used to estimate distribution parameters, as it is considered the most appropriate method for the estimation of parameters from relatively short duration records. The resultant DDF values were then compared with those for the reference gauges to derive change estimates.
It is acknowledged that uncertainty in the estimated return period rainfall totals arises for the following reasons.
■ Owing to the localised nature of short, intense periods of rainfall, not all events are recorded by a relatively sparse rain gauge network.
■ Most of the UK gauges (and those elsewhere) only provide approximately 20 years of data at the hourly timescale. ■ The analogue approach assumes future changes in hourly rainfall are determined by temperature changes alone. This may not be the case with future circulation changes potentially being important (Blenkinsop et al., 2015) . ■ Using the analogue approach for higher temperatures requires the selection of analogues from other regions, which may be influenced by large-scale climatic influences that are different from those experienced in the UK (now or in the future). This source of uncertainty has been limited to some extent by limiting analogue selection, as described above.
In order to acknowledge such uncertainty, three analogue sites were used for each future epoch at each location. Consequently, the selected analogues span a range of temperatures approximating the UKCP09 central estimate projections rather than a single future mean temperature, in part reflecting the availability of suitable analogue gauges. This is shown graphically in Figure 1 by the top numbered lines and point that indicate the range of current mean daily summer temperature for which analogues have been obtained. This range is therefore a pragmatic representation of uncertainty rather than an attempt to relate these quantitatively to UKCP09 probabilistic uncertainties, which is beyond the scope of this study.
Note also that only one emissions scenario has been considered. This is broadly comparable with the very high-resolution Convex project climate model experiment (Kendon et al., 2012 as both used high emission scenarios. UKCP09 provides a range of probabilistic projections of future temperature within this scenario.
Return period estimates (2-30 years) were derived for 1, 3 and 6 h rainfall durations using the method of L-moments to estimate the parameters of the generalised Pareto distribution. The Owing to the relatively short duration of the rain gauge records and model simulations there is greater uncertainty in the estimates for longer return periods. This is particularly important when considered in combination with the inherent local nature of intense sub-daily rainfall, which is generally convective, and may result in such events not being recorded by a relatively sparse rain gauge network.
An example of the results of the analogue approach in providing estimates of historical and analogue/future return period estimates is shown in Figure 2 .
High-resolution climate modelling approach
As part of the Natural Environment Research Council-funded Convex (convective extremes; see Convex (2015) for project details and outputs) project, the Met Office has run a RCM with a higher resolution than used previously to examine future rainfall change -using 1·5 km grid boxes instead of the usual 12 km or larger (Kendon et al., 2012) -the same as their weather forecast model. This allows convection to be represented as a dynamic process rather than using a simpler parameterisation scheme, and the model has been demonstrated to provide a more realistic representation of hourly rainfall (see e.g. Kendon et al., 2012) , allowing future projections to be made with improved confidence (Chan et al., 2014b; Kendon et al., 2014) . A climate change experiment including a control simulation for the period from 1996 to 2009 (broadly corresponding with the climate analogue rain gauge records) was run as part of the project, whereas the future simulation provides projected climate data for the end of the twenty-first century under the Intergovernmental Panel on Climate Change RCP 8·5 scenario (Collins et al., 2013) . The Convex model domain comprises the southern UK, as shown in Figure 3 .
Hourly precipitation data from the Convex simulations were extracted for four 3 × 3 matrices of cells centred on the two southern UK locations used in the climate analogue approach and on two locations at the northernmost limits of the model domain, centred near Liverpool in the north west and Grimsby in the north east. In each case, care was taken to avoid grid squares that lay over sea and also, in the case of the northern limits of the model, that these were not adjacent to the model boundary to avoid boundary effects. Return period estimates of rainfall intensities for the control and future runs were derived from these data using the same method as for the climate analogue approach. The results of these rain gauge data DDF statistics are plotted in Figure 4 .
An examination of these results proved that it is not possible to identify significant regional differences between results for the four nine-cell areas across durations (1, 3 and 6 h) or return periods of 2, 5, 10 and 30 years. Given the lack of a robust basis with which to comment on regional spatial patterns of variability and the large local spatial variability in the return period estimates at the grid cell scale, a single set of Convex model-derived rainfall uplift factors across all locations has been produced. For the two northern locations used in the climate analogue approach (Glasgow and Newcastle), which are outside the Convex model domain, the assumption was made that the same changes would apply in this region, although the authors have no model data at present with which to test the validity of this assumption. 
Deriving rainfall intensity change estimates by combining the two approaches
The results from the two approaches were then combined to produce uplift values applicable to all four regions of the UK for different durations and different epochs. These are presented in Table 1 . To derive the uplift values for each epoch of the 2030s, 2050s and 2080s, estimated uplifts for the analogue approach were combined with those from the high-resolution modelling approach, and the mean value from the two approaches was derived. This produced the 'central' estimate, as detailed below.
Mean % change in rainfall depth ðanalogueÞ þ mean % change in rainfall depth ðConvexÞ 2
In the case of the very high-resolution (Convex) modelling approach, uplift values were produced for 2100 and then scaled linearly to the baseline period (1996-2009) to derive estimates for 2030, 2050 and 2080.
To account for some of the uncertainty in the return period estimates, high and low estimates of change have been calculated based on the results of the two approaches, so that some of this uncertainty may be represented in flooding impact investigations. These 'high' and 'low' estimates of change have been derived as follows ■ 'high' estimate: highest mean change percentage in rainfall depth from either analogue or climate modelling approach ■ 'low' estimate: lowest mean change percentage in rainfall depth from either analogue or climate modelling approach.
It should be noted that the 'high' and 'low' estimates of change are not absolute upper and lower bounds of possible change, as other sources of uncertainty exist (e.g. extrapolation of return periods from limited length datasets, climate model uncertainty, greenhouse gas emissions uncertainty, as discussed in Section 2.1.)
The results shown in Table 1 indicate that the estimates of rainfall intensity changes ('uplifts') from this analysis are greater than the existing allowances for rainfall intensity change produced by Defra (2006) and the Environment Agency (2011). Existing allowances are between 5% and 20% for the epochs used in this research (2030s to 2080s), which is generally significantly less than the change estimates shown in Table 1 . However, it should be borne in mind that Defra and Environment Agency guidance is applicable to a 1961-1990 baseline climate, while these estimates are applicable to the current/recent climate (e.g. 1981-2010), and current guidance is also not designed to be applied at sub-daily rainfall durations.
Modelling the rainfall change impacts
Analysis of the impact of the projected rainfall changes on sewer flooding was made using recently calibrated sewer network models from four locations close to where the rainfall analyses were carried out. Each of these models had been created using leading industry recognised hydraulic network modelling software, InfoWorks (Innovyze, 2011) . The results of the flooding analysis are shown in Table 2 . These were derived by using the critical design storm duration for each of the four sewer models and by applying the central change estimate values as calculated in Section 3 and shown in Table 1 .
A further analysis was undertaken using time series rainfall data at hourly resolution directly from the Convex model to examine change in combined sewer overflow (CSO) frequency and volume in one coastal sewer catchment in north-west England. The authors emphasise that these time series data are only for a single location, and from a single future realisation. Thus these results should be viewed as a plausible realisation, and not a future prediction, as no assessment of modelling uncertainty is possible without additional model simulations. Results from the Convex time series analysis used to assess CSO spills are shown in Table 3 .
Results and discussion
The results in Table 1 indicate that estimates of rainfall intensity changes ('uplifts') range from 7% to 65% depending on location, event duration and future epoch. Typically, the rainfall intensities increase into the future as mean daily temperature is projected to increase. However, there is a degree of spread in the results and some non-conformities. For example, the 1-h central change estimates for the Cardiff location decrease from 2030 to 2080. With increasing temperatures projected by UKCP09 from the 2030s to 2080s this reversed rainfall intensity trend is not expected. The explanation for this is likely to be due to the varying effect of analogue gauge selection and points to the need for more detailed analyses, including additional gauges, to corroborate the findings and add more confidence to the estimates.
The results in Table 2 show that the percentage increase in flooding volume is greater than the percentage increase in rainfall depth. If a rainfall change percentage of 40% is used, the models show a range of total flooding increase of between 52% and 142% -a magnifying effect also seen in previous studies (see e.g. Coulthard et al., 2012) . The south-east Wales model is most sensitive to rainfall increases and if this model is excluded the increase in total flooding volume is between 52% and 76%. The impact on flooding volumes is dependent on the amount of 'headroom' in these systems to accommodate extra flows -this is typically a complex interaction between pipe slope, time of concentration, sewer capacity and other factors.
The modelled output from the coastal sewer catchment using a single Convex precipitation time series (Table 3) indicates the following.
■ On an annual basis, there is approximately a doubling in the number of spills in the future compared to current climate. ■ On an annual basis, there is approximately a quadrupling in the volume of spills in the future compared to current climate. ■ During the bathing season (May to September inclusive) there is a similar number of spill events in the current and future climates, but the volume of spill is approximately 75% greater in the future. ■ The minimum number of spills per year in the 13-year time series increases from three to six spills and the maximum number increases from 15 to 31 spills. ■ The minimum number of spills per bathing season in the 13-year time series decreases from two to no spills and the maximum number increases from 11 to 22 spills.
Again, the authors emphasise that these results are based on a single climate model realisation, and thus further high-resolution Table 2 . Increase in sewer flooding volume using four sewer models, applying the central change estimate of rainfall regional climate modelling experiments are needed to assess their robustness.
Despite these caveats it should be noted that these changes result from only a 4% increase in annual rainfall projected from current to future climate in the Convex model simulations -that is, at this location it is raining more intensely when it rains, but less often. Outside the bathing season both the number and volume of spills are greater in the future simulation (Figures 5 and 6 ).
In particular, for the north-west England coastal location, and for the sewer model used, there is a significant increase in spill events occurring in the future during October. A detailed analysis, particularly on a seasonal and monthly basis, would be needed to understand these findings fully. As the north west of England's coastal climate is less prone to summer thunderstorms (intense convective, localised events) than other parts of the UK, such as south-east England (Holt et al., 2001; NERC, 1999) , and rainfall patterns are typically driven more by frontal systems from the Atlantic, this aspect may partially explain the notable increase in spill events in the cooler autumn and winter months compared to the more modest increases in the current bathing season. The finding could also be due to an extension of the 'convective season' (typically May to September) in the future UK climate, in which warmer Octobers are shown in projections. The results point to the need for a wider and more comprehensive investigation into CSO spill frequencies and volumes around the UK and with more very high-resolution climate model data. This would enable the patterns of change to be examined on a regional basis and for a range of different sewer models.
Implications for the UK water industry
6.1 Sewer flooding Although practices differ slightly across water companies the standard of service for flooding, due to hydraulic overloading, provided by new build and upgraded sewerage is typically 1 in 30 years; that is, infrastructure is designed to accommodate the current 1 in 30-year rainfall event of a critical duration. In this section a summary is provided of the adequacy of current infrastructure designed to the 1 in 30-year standard in the climate predicted for the 2030s. Table 4 summarises an analysis for the four drainage systems modelled. As shown in Table 1 , these locations can be considered as broadly representative of UK water and sewerage companies across the UK. For example, for the north-west UK location, the M30-60 (30-year return period, 60-min duration) event is uplifted by 19% for the 2030s. In this location it is necessary to design now for the 1 in 60-year event (M60-60) if a standard of service of 1 in 30 years is required in the future, but if a 1 in 30-year design is used now it will provide a reduced standard of protection of only 1 in 18 years by the 2030s.
The results indicate that if urban drainage systems are left untouched, water customers and communities will experience an increased frequency of sewer flooding in the coming decades because of climate effects alone. This analysis adds to the body of evidence (e.g. Cettner et al., 2014) pointing to the limitations of traditional piped, sub-surface drainage systems. Available responses to water utilities include constructing larger sewers and storage structures; a response that will be expensive and relatively unadaptive to climate changes in excess of those designed for. Alternative responses include managing stormwater to delay or reduce its impact on underground storage networks by using, for example, green infrastructure such as sustainable drainage systems (Digman et al., 2012) or designing for exceedance approaches (Digman et al., 2014) . These alternatives have the benefit of being more flexible in light of the considerable uncertainty surrounding climate change predictions and also introduce a range of 'nonwater' benefits to society (EPA, 2013) 6.2 Wet weather pollution through CSOs CSOs operate in wet weather and are likely to operate more frequently and with greater volume in the future projected by the Convex rainfall data. CSOs are controlled to reduce spills so that a certain water quality outcome is maintained or achieved. Often, a spill frequency standard is required, whether on an annual basis (e.g. ten spills per year on average to protect shellfisheries) or seasonal basis (e.g. three spills per bathing season on average to protect bathing waters).
The results for the single location modelled indicate that significantly increased storage provision (or use of stormwater management strategies) will be required to maintain spill frequency outcomes performance and, most probably, environmental water quality outcomes in the coming decades. As with sewer flooding, the challenge for water utilities is to respond to this challenge with an affordable and effective blend of conventional (usually grey infrastructure) and innovative (increasingly green infrastructure) solutions (Gill and Shipman, 2013 
Conclusions and further research
This paper reports on two approaches, using climate analogues and a very high-resolution dynamic climate model, for estimating changes in UK rainfall intensities at short durations (1, 3 and 6 h) as a result of climate change. The current generation of relatively coarse resolution climate models such as those used in UKCP09 do not adequately represent intense summer convective rainfall events, although they provide reasonable estimates of change in winter rainfall intensities. This innovative dynamic modelling provides increased confidence in projections of change for UK rainfall intensities at hourly durations, particularly for summer. Mean values of the rainfall estimates derived from these approaches have been used to estimate potential flooding and sewer pollution impact using sewer models provided by participating UK water companies.
The new estimates of rainfall intensity change produced in this research are, in general, higher than existing UK climate change allowances for rainfall intensity. In combination with the rainfall and sewer modelling results presented, this research suggests that significantly increased storage provision (either through grey or green infrastructure) will be required to manage sewer flooding, maintain spill frequency outcomes and, most probably, environmental water quality outcomes.
It should be noted there is considerable uncertainty associated with the size of the future increase in hourly rainfall intensity. In particular, the high-resolution modelling results here are based on a single future realisation from one climate model, and thus can be considered a plausible outcome but not a prediction. Further high-resolution climate model experiments are needed to allow an assessment to be made of the robustness of these findings.
Further research and access to/analysis of increased quantities of data would benefit the water industry in the following ways ■ increasing confidence in the estimates of future rainfall intensity changes ■ increasing confidence in assessments for the locations in the UK that are currently outside the Convex model domain (northern England, Northern Ireland and Scotland) ■ examining the impact of very high-resolution climate model rainfall data time series in other locations in order to derive criteria by which to adjust historic rainfall time series so that they are representative of future time series rainfall data.
